Primary human renal proximal tubule epithelial cells (RPTECs) are of limited use for basic research and for clinical applications due to their limited lifespan in culture. Here we used two lentivirus vectors carrying the human telomerase (hTERT) and the SV40T antigen (Tag) flanked by loxP sites to reversibly immortalize RPTECs. Transduced RPTEC clones continued to proliferate while retaining biochemical and functional characteristics of primary cells. The clones exhibited contact-inhibited, anchorage-and growth factor-dependent growth and did not form tumors in nude mice, suggesting that the cells were not transformed. Transient Cre expression in these cells led to efficient proviral deletion, upregulation of some renal specific activities, and decreased growth rates. Ultimately, the cells underwent replicative senescence, indicating intact cell cycle control. Thus, reversible immortalization allows the expansion of human RPTECs, leading to large production of RPTECs that retain most tissue-specific properties.
Introduction
Primary human cells are useful both in research and in applications such as drug toxicity screening and cellbased therapies. However, primary cells are restricted by their limited proliferation potential in culture and variability in donor's genetic background, gender and age. The high cost of culturing primary cells also precludes their general application. One reason for the limited proliferation potential of primary cells is progressive telomere shortening occurring at each cell division that ultimately leads to cell senescence (Harley et al., 1990; Wright and Shay, 1992) . This growth crisis can be overcome by the expression of polyoma or SV40T antigen (Tag) that allows the cell to progress through additional numbers of cell divisions before a second, irreversible crisis occurs (Wright et al., 1989; Shay et al., 1993) . A few cells can overcome the second crisis and eventually acquire the ability to grow indefinitely in culture, probably because additional, rare mutational events occur in these cells that either lead to the activation of telomerase expression or the alternate lengthening of telomeres (ALT) pathway (Rhim et al., 1985; Yoakum et al., 1985; Hurlin et al., 1989; Burger et al., 1998; Montalto et al., 1999) . This process is known as cell immortalization. Primary rodent cells can readily be immortalized whereas human cells are generally more refractory to this manipulation (Land et al., 1983; Ruley, 1983; Stevenson and Volsky, 1986; Prowse and Greider, 1995; Bodnar et al., 1998) . The difference in the length of telomeres between rodent and human may play an important role in their respective ability to be immortalized.
Recent studies demonstrate that human cells can be transformed in a stepwise process, requiring the combined expression of a series of growth-promoting and antisenescence genes (Hahn et al., 1999) . Thus, through proper genetic manipulation, it may be possible to induce controlled proliferation of human cells in culture (Westerman and Leboulch, 1996; Berghella et al., 1999; Kobayashi et al., 2000) . Establishing immortalized cell lines that are phenotypically stable and retain all or most of the primary cell functions could potentially overcome the limitations of primary cells. Several studies have demonstrated the possibility of establishing immortalized human cell lines in culture. Expression of the catalytic subunit of telomerase (hTERT) could prevent growth arrest and immortalize human fibroblasts and epithelial cells (Morales et al., 1999; Kim et al., 2002b) . While these immortalized cells actively proliferated in culture, their growth requirements, cellcycle checkpoints and karyotypic stability were similar to the normal parental cells. However, only a limited number of cell types could be immortalized by the expression of hTERT alone (Bodnar et al., 1998; Jiang et al., 1999; Condon et al., 2002; Kawano et al., 2003) . Most cell types required the expression of a second gene such as the gene encoding SV40 Tag (Kiyono et al., 1998; O'Hare et al., 2001) .
Continuous proliferation of the immortalized cells in culture frequently downregulates the expression of tissuespecific genes when compared with their primary cell counterparts (Racusen et al., 1997; Kim et al., 2000) . The presence of genes for cell immortalization also precludes the application of these cells in cell-based therapies due to safety concerns. To overcome these problems, we adopted a Cre-loxP-mediated reversible immortalization strategy (Westerman and Leboulch, 1996) to introduce both the SV40 Tag and hTERT cDNAs into primary human renal proximal tubule epithelial cells (RPTECs). We established stable clones that can be passaged for more than 2 years in culture. Compared with established RPTEC cell lines, the clones continued to express highlevel activities characteristics of renal tubule epithelial cells. When the SV40 Tag and hTERT cDNAs were removed from these cells by Cre-mediated recombination, some of the renal cell-specific activities in these clones were upregulated. Removal of the genes for cell immortalization also significantly decreased the rate of cell proliferation and ultimately led to cell senescence, suggesting that the cell cycle control remained intact despite continuous passage of these cells in culture. These observations demonstrate that such an approach may allow the establishment of more suitable cell lines as substitutes for primary cells in different applications.
Results

Establishment of stable RPTEC clones with hTERT and SV40 Tag
To immortalize primary human RPTECs, we generated two HIV-based vectors containing the neomycin resistance (neo R ) gene together with either the SV40 Tag or the hTERT cDNA (Figure 1 ). Each gene cassette was flanked by two loxP sites and placed under the control of the cytomegalovirus immediate early (CMV IE) promoter. Primary human RPTECs in culture underwent replicative senescence at passage 7: they stopped dividing and became elongated (Figure 2a) . Expression of the senescence specific biomarker b-gal became detectable in many of the elongated cells (Figure 2b ). Expression of this marker distinguishes senescence from quiescent and terminally differentiated cells (Dimri et al., 1995) . It has been shown that immortal cells do not express senescence-associated b-gal until immortality is reversed by genetic manipulations (Dimri et al., 1995) . To establish immortalized clones, RPTECs from third and fourth passage were transduced with both HIV-7/CNPO-Tag and HIV-7/CNPO-hTERT vectors at a multiplicity of infection (MOI) of 1, followed by selection with G418. Neo R clones were picked and expanded. The immortalized cells continued to proliferate for more than 100 passages (42 years) in culture, and the doubling time for these cells lines was in the range of 40-48 h when seeded at low cell density. Cells at passage 30 of one of these clones are shown in Figure 2c . When treated with an antibody specific for cytokeratin, an intermediate filament found in epithelial cells, all cells stained positively (Figure 2d ). The same antibody failed to stain HT1080 cells, a human fibrosarcoma line (data not shown). Cell growth required the continuous presence of growth factors in 0.5% FCS-containing media and was contact inhibited as determined by BrdU incorporation (Figure 2e ). The immortalized cells failed to form anchorage-independent colonies in soft agar. They also failed to form tumors in nude mice after subcutaneous injection of 5 Â 10 6 cells/mouse. These results strongly suggest that the immortalized cells were not transformed.
To confirm hTERT expression, cell extracts from the immortalized clones and primary RPTECs were subjected to the telomerase activity assay. As shown in Figure 3a , telomerase activities were detected in two different pools of approximately 500 Neo R colonies (pool 1 and pool 2) derived from co-transduction with both vectors. Similarly, individual clones, including TH1, TH3, TH7 and TH10 isolated from the same transduction were also positive for the telomerase activity. In all cases, the telomerase activity was inactivated if the cell extract was first subjected to heat treatment at 851C for 10 min (Figure 3a) . In contrast, one stable clone derived from the transduction of the Tag vector alone (Tag3) failed to show any detectable telomerase activity. Thus, while Tag expression is sufficient to establish stable clones, it is not capable of activating endogenous telomerase expression. As predicted, parental RPTECs, like most primary cells, failed to express telomerase activity ( Figure 3a) . To confirm the expression of SV40 Tag, we treated the immortalized cells with an anti-Tag antibody followed by immunofluorescent staining. TH1 and TH7 cells expressed Tag in the nuclei. The results for TH1 cells are shown in Figure 3b . A control antibody gave only background staining (data not shown). These results suggest that coexpression of both hTERT and SV40 Tag can efficiently immortalize primary human RPTECs and establish stable clones that can be passaged in culture for more than 2 years. 
Morphological characteristics of the immortalized RPTECs
We selected TH1 and TH7 for further studies. They grew as a monolayer with a cobblestone appearance ( Figure 4a ). Multiple 'dome' formation was consistently observed in confluent cultures during the 2 years of this study ( Figure 4a , arrows and Figure 4b ). 'Dome'
formation is one of the characteristics of primary RPTECs grown in culture (Dreher and Rochat, 1992) . This structure was formed probably due to transepithelial transport of water and solutes that were trapped between the cultured cell layer and the culture dish. Dome formation requires functional plasma membrane polarization, formation of tight junctions and vectorial transepithelial active ion transport (Lever, 1979; Kim et al., 2002a) . Thus, the presence of this structure suggests that the transportation function for water and solutes remains intact in the immortalized cell lines. Examination of these cells by electron microscopy indicated the presence of short and long microvilli at their apical surface, facing the culture medium (Figure 4c-f) . The density of microvilli remained relatively unaltered irrespective of extended passage ( Figure 4e , passage 5; 4f, passage 18), suggesting that these clones were stable in culture. Tight junctions were numerous and preferentially located in the apical domain of the lateral border ( Figure 4d ). Numerous mitochondria and ribosomes were randomly scattered throughout cytoplasm (Figure 4c ). Thus, the immortalized cells exhibit the characteristic morphology of RPTECs.
Removal of the SV40 Tag and hTERT cDNAs by Cre-mediated recombination
Both the SV40 Tag and hTERT cDNAs are flanked by LoxP sites and can be removed by the Cre recombinase. Since stable Cre expression induced toxicity in mammalian cells (Pfeifer et al., 2001; Silver and Livingston, 2001 ), we used a transient Cre expression system to remove the cDNAs from the TH clones. A retroviral vector, RV-cre, containing the cre gene and the LoxP site in both LTRs was constructed as described by Silver and Livingston (2001) . Expression of the cre gene in the transduced cells is expected to remove both the target gene and the cre gene itself. To remove the Tag and hTERT cDNAs, we transduced the cells at passage 43 three times with RV-cre at a MOI of 2, followed by staining with a Tag-specific antibody 10 days later. As shown in Figure 5a , no nuclear staining of Tag could be detected in RV-cre transduced TH1 cells. To determine the effect of Cre treatment on the immortalized cells, we also measured cell proliferation of mock-, RV-cre-or RV-GFP (a GFP-containing retroviral vector)-transduced cells in culture. The growth rate of RV-cre transduced TH1 cells was significantly reduced when compared with that of mock or RV-GFP transduced cells (Figure 5b ). RV-cre treated cells continued to proliferate, albeit at an extremely slow rate. The cell number only increased from 10 5 cells to 1.74 Â 10 5 cells after 23 days. At 2-3 weeks after the initial RV-cre transduction, these cells ceased proliferation and changed cell morphology (Figure 5c ). These changes were reminiscent of cell senescence of primary RPTECs (Figure 2a ). We stained these elongated cells for senescence-specific b-gal and confirmed that many of these cells expressed this marker (Figure 5d ). Identical results were obtained with TH7 cells. Thus, despite continuous passage of TH1 and TH7 cells in culture for more than 2 years, the cell cycle control seems to remain intact in these cells.
Biochemical characterization of the immortalized RPTECs
To characterize the biochemical properties of TH1 and TH7 cells, we measured the activity of two brush-border enzymes alkaline phosphatase (AP) and g-glutamyl transpeptidase (GGT). These enzymes are markers for proximal tubule differentiation. Their activities were affected most severely in human RPTEC clones established previously by the expression of SV40 Tag alone (Racusen et al., 1997) . Assays for these enzyme activities at several points in time (passage 5, 18, 37 and 54) showed comparable results. Average activities obtained from the later passages only varied by 710% from the average result at passage 5. As shown in Figure 6a , AP activities in TH1 and TH7 cells ranged between 10 and 15 nmol/min/mg protein. These results were similar to the AP activity in cultured primary human RPTECs. The AP activities in these two clones were at least four-to five-fold higher than the previously reported activities in the immortalized clones established by SV40 Tag alone (Racusen et al., 1997) . As a comparison, we also measured the activities in two well-established renal tubule cell lines: porcine LLC-PK1 cells and human HK-2 cells immortalized by the E6/E7 genes of the human papilloma virus (Ryan et al., 1994) . As shown in Figure 6a , AP activity in TH cells was 5-6 times higher than in HK-2 cells and about 18 times higher than in LLC-PK1 cells. The GGT activities in TH1 and TH7 cells were 12 and 6 nmol/min/mg protein, respectively (Figure 6b ). In HK-2 cells the GGT activity was comparable to TH1 cells but the GGT activity in LLC-PK1 cells was twice as high as in TH1 cells. Compared with the primary RPTECs, the GGT activities in TH1 and TH7 cells were lower, but they were at least four-to eight-fold higher than the activities in clones derived from immortalization with SV40 Tag alone (Racusen et al., 1997) . To determine the effect of Cre-mediated gene removal on these enzyme activities, we measured the AP and GGT activities in TH1 and TH7 cells 10 days after RVcre treatment. As shown in Figure 6a , the AP activity slightly increased in TH1 but showed a slight decrease in TH7. The differences were statistically insignificant (P40.05). No increase was expected since the levels of AP in these two clones were near the level in primary cells even before RV-cre treatment. In contrast, the GGT activity more than two-fold in TH1 cells and more than 60% in TH7 cells after RV-cre treatment (Figure 6b ). These results suggest that some differentiation functions were upregulated (Po0.05) after removing the genes for cell immortalization. The relatively stable activities of the brush border enzymes in these two clones were consistent with stable microvilli density irrespective of the passage number in culture (Figure 4e-f) . Together, these results suggest that the participation of hTERT in the cell immortalization process may facilitate the establishment of clones that are phenotypically more stable and express higher levels of renal tubule cell differentiation functions than the immortalized clones established by Tag alone.
Functional characterization of the immortalized RPTECs
Renal proximal tubule cells perform critical metabolic activities including active glucose transport and ammonia production and excretion. To characterize the glucose transport, we measured a-methylglucopyranoside (AMG) uptake into the immortalized cells at passage 49, 56 and 61. As a comparison, we also measured the activities in LLC-PK1 and HK-2 cells. As shown in Figure 6c , Na þ -dependent AMG uptake in TH1 and TH7 cells was 0.27 and 0.23 nmol/min/mg protein, about four-fold lower than in primary cells. AMG uptake was 30-60% higher in TH cells when compared with HK-2 cells and about 1.5-fold higher than that in LLC-PK1 cells (Figure 6c) . To determine the effect of gene removal, we measured the AMG uptake rate 10 days after RV-cre treatment. The AMG uptake increased approximately 30% in TH cells (Figure 6c ). This increase is statistically significant (Po0.05). Thus, removal of the genes used for cell immortalization upregulates the active glucose transport function of these cells. Proximal tubule cells respond rapidly to acute declines in blood pH by enhancing ammonia production and excretion. To measure this function in TH cells (at passage 51, 64 and 76), we analysed ammonia production from these cells at different pH. Primary RPTECs at passage 3 demonstrated gradual increases in ammonia production in response to media pH changes from pH 7.5 to 6.9 and similar results were obtained with other cell lines used in this study (Figure 6d and data not shown). A maximum level of approximately 7.7 and 6.9 mg/30 min/10 6 cells was observed in TH1 and TH7 at pH 6.9, respectively (Figure 6e) . Primary RPTECs produced a slightly higher level at 9 mg/30 min/10 6 cells. While LLC-PK1 produced ammonia at comparable levels as TH cells, HK2 cells produced only 65% of the level in TH1 cells. No Figure 6 Biochemical and functional analysis of TH cells: (a) AP activity, (b) GGT activity, (c) AMG uptake, (d) ammonia production from primary RPTECs at various pH, (e) ammonia production at pH 6.9 with or without RV-cre treatment as indicated. Each bar represents the average of at least nine experiments carried out with cells from three different passage numbers7standard deviations significant change in ammonia production could be detected after RV-cre treatment of TH1 and TH7 cells (Figure 6e ).
Discussion
Primary renal tubule cells have a limited proliferation potential in culture and undergo replicative senescence with extended passages (Figure 2a-b) . Previous attempts have been made to establish immortalized renal tubule cells using either a hybrid adeno 12-SV40 virus or the E6/E7 genes of HPV 16 (Ryan et al., 1994; Racusen et al., 1997) . Unlike the TH clones established in the current study, none of these RPTEC clones derived from adenovirus 12-SV40 or E6/E7 formed 'domes' in culture dishes, suggesting a defect in either directional flux of transepithelial solutes and fluid, or the absence of intact cell-to-cell tight junctions in these cells. TH clones expressed reasonably high levels of brush border enzyme activities and retained significant capability of Na þ -dependent glucose uptake. This is in contrast to adeno 12-SV40 or HPV E6/E7 established human RPTEC clones that expressed much reduced levels of these activities when compared with primary human renal tubule cells (Figure 6a-c) . The differences in cell lines immortalized by T antigen and telomerase and cell lines immortalized by T antigen alone demonstrate the importance of telomerase expression for cell immortalization. Since both HPV E6/E7 and SV40 Tag inactivate similar sets of tumor suppressor functions including p53 and the retinoblastoma protein, it is unlikely that the observed difference in renal tubule cell functions between TH cells and these other cell clones can be attributed to the use of these genes. It is more likely that including hTERT in our immortalization procedure stabilized the clones. This is consistent with our observations that cell morphology, biochemical and functional activities remained relatively unchanged with extended cell passage in culture. Variations in results obtained from cells at different passage numbers were statistically insignificant (data not shown), which demonstrates the stability of the cell lines. Telomerase expression has been proposed to increase genetic stability in a manner that is independent of regulating telomere length (Sharma et al., 2003) .
Removing the SV40 Tag and hTERT cDNAs from TH cells upregulated some tubule cell-specific functions and downregulated cell proliferation. This is in agreement with the general observation that proliferating cells express lower levels of tissue-specific functions. Clones like TH1 cells retained tubule cell functions tested at levels similar to those of primary RPTECs. While only a fraction of the glucose uptake function was retained as compared with the primary cells, it was still at higher levels than cell lines established with other approaches (Figure 6 ). The ability of TH cells to proliferate allows prolonged expansion and ample supply of these cells, and could potentially serve as better surrogates for primary cells in the application of drug screening or tissue replacement therapies. Currently, a shortage in the supply of primary cells is a major limiting factor for these applications. The observation that RV-cre treatment led to the cell senescence phenotype may also allow the screening of genes that regulate the cell senescence process, an important step for any kidney tubule epithelial cell to overcome during the progression of malignant transformation.
In summary, reversible immortalization using hTERT alone or hTERT together with SV40 Tag or any other proto-oncogene may represent a general approach to establish stable cell lines that retain high-level tissuespecific functions and allow continuous cell proliferation in culture. These immortalized cell lines not only can be applied in basic research, but could potentially also be used in applications such as drug toxicity screening, tissue regeneration and tissue engineering.
Materials and methods
Plasmid construction
To generate pHIV7/CNPO, a 2,400-bp NotI/HindIII fragment, which contained the neomycin resistance (neo R ) gene and an internal ribosome entry site (IRES) flanked by two loxP sites controlled by the immediate early (IE) gene promoter of cytomegalovirus (CMV), was inserted into the unique BamHI site of pHIV7 (Kowolik and Yee, 2002) . To construct pHIV7/ CNPO-hTERT, a 3490-bp EcoRI/SalI fragment containing the cDNA for the catalytic subunit of the human telomerase (hTERT) was inserted into the unique BamHI site in pHIV7/ CNPO. To construct pHIV7/CNPO-Tag, a 2170-bp BamHI fragment containing the cDNA for SV40 Tag was inserted into the BamHI site in pHIV7/CNPO. To generate pRV-cre, a 1100-bp HindIII/EcoRI fragment containing the gene for Cre was inserted into the unique ClaI site in pCMV-LL-SA-2-lox, a murine leukemia virus (MLV)-based retroviral vector containing a loxP site in the U3 region of the 3'LTR.
Cell culture HT1080, PCCG-b-gal, and 293T cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal calf serum (FCS). Primary human RPTEC were purchased from Clonetics (Walkersville, MD). Primary RPTEC, TH1 and TH7 cells maintained in Renal Epithelial Cell Growth medium (REGM) supplemented with REGM SingleQuots and Growth Factors (Clonetics, Walkersville, MD) in 5% CO 2 . HK-2 and LLC-PK1 cells were purchased from American Type Culture Collection (Manassas, VA). HK-2 cells were maintained in REGM. LLC-PK1 cells were maintained in Medium 199 (Invitrogen, Carlsbad, CA) supplemented with 1.5 g/l sodium bicarbonate and 3% FCS.
Virus production and cell transduction
HIV vectors were produced from 293T cells by transient transfection and the titer was determined in HT1080 cells as described previously (Kowolik and Yee, 2002) . Since RV-cre contained no selectable marker, a stable cell line, PCCG-b-gal, was established to determine the titer of RV-cre: HT1080 cells were transduced with an MLV-based retroviral vector containing the GFP gene flanked by two loxP sites followed by the E. coli b-galactosidase (lacZ) gene. The expression of both GFP and lacZ was under the control of the CMV IE promoter. However, b-gal production was absent due to the translational block by the termination codon of the upstream GFP gene. Deletion of the GFP gene by Cre removed this block and allowed b-gal expression. The transduced cells were sorted for GFP expression and a single clone, PCCG-b-gal, was obtained by limiting dilution. To determine the RV-cre titer, 10 5 PCCGb-gal cells were transduced and stained for b-gal expression 72 h after transduction.
Immunofluorescence and the telomerase activity assays Cells were seeded in six-well plates at a density of 10 5 cells/well, fixed with 2% formaldehyde at 41C for 30 min and permeabilized with 0.2% Triton X-100 for 15 min at room temperature. Following three wash steps with PBS, nonspecific binding sites were blocked for 30 min with 5% bovine serum albumin in PBS. The samples were subsequently incubated for 2 h at room temperature with a 1 : 200 dilution of a mouse anti-SV40T antigen antibody (Santa Cruz Biotechnology, Santa Cruz, CA) in blocking solution. After washing the samples three times with PBS, they were incubated for 1 h with 1 mg/ml FITC-labeled goat anti-mouse antibody (Sigma, St Louis, MO) in blocking solution. Following three additional wash steps, the samples were visualized by fluorescence microscopy. The telomerase activity was determined following the manufacturer's instruction in the Trapeze telomerase detection kit (Intergen, Purchase, NY) using the radioisotopic detection method.
Cell proliferation and senescence-specific b-gal assays. For the cell proliferation assay, cells were either plated at a density of 5 Â 10 4 cells/well in a 24-well plate or kept in confluent cultures for 3 days. Cell proliferation was determined using the BrdU cell proliferation kit from Oncogene (San Diego, CA), and the results were normalized to the cell number. To detect senescence-specific b-gal activity, cells were fixed with 3% formaldehyde, washed with PBS and incubated at 371C with freshly prepared staining solution (1 mg/ml 5-bromo-4-chloro-3-indolyl b-D-galactoside in 40 mM citric acid, sodium phosphate, pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, 2 mM MgCl 2 ) (Dimri et al., 1995) . The reaction was stopped after 4 h.
Brush-border enzyme assays. For brush-border enzyme assays, cell extracts were assayed for the g-glutamyltranspeptidase (GGT) activity by measuring p-nitroaniline liberation from the substrate g-glutamyl-p-nitroanilide (Sigma, St Louis, MO) at 405 nm (De Young et al., 1978) . The AP activity was determined by measuring p-nitrophenol liberation from the substrate p-nitrophenylphosphate (Sigma, St Louis, MO) at 405 nm (Rudolph et al., 1999) . The total protein concentration of the cell extract was determined using the Coomassie Protein Reagent Assay Reagent (Pierce, Rockford, IL).
Glucose uptake. To assess glucose uptake, a-methyl glucopyranoside (AMG) uptake was tested in the absence and presence of phlorizin, a potent inhibitor of the Na þ -dependent glucose co-transporter (Rabito and Ausiello, 1980) . The uptake assay was performed with a-[
14 C]AMG (NEN, Boston, MA) as described previously (Joly et al., 1990) . Radioactive counts were normalized to the protein content as determined using the Coomassie Protein Assay Reagent (Pierce, Rockford, IL). The specific AMG uptake results from the difference between AMG uptake in the presence and absence of phlorizin.
Ammonia production
To test the influence of pH on the rate of ammonia production, the culture medium was adjusted to various pH with HCl. The cells were incubated for 30 min with fresh medium adjusted from pH 7.5 to 6.9. Media samples were collected after 30 min. The ammonia concentration was determined using the ammonia assay kit (DCL, Oxford, CT). The results were normalized to the number of cells per sample.
